ABSTRACT Nonhomologous repair of double-stranded breaks, although fundamental to the maintenance of genomic integrity in all eukaryotes, has received little attention as to its evolutionary consequences in the generation and selection of phenotypic diversity. Here we document the role of illegitimate recombination in the creation of novel alleles in VRN1 orthologs selected to confer adaptation to annual cropping systems in barley and wheat. D URING their lifecycle, plants are exposed to a variety of environmental and endogenous factors that may damage DNA integrity, such as ionizing radiation, DNA replication failure, and retrotransposon activity. Two pathways are involved in repair of potentially lethal double-stranded breaks (DSBs) in eukaryotes (reviewed by Puchta 2005). Homologous recombination (HR) utilizes DNA sequence homology from an intact copy of the damaged region (for example from the sister chromatid) as a template for break repair. Alternatively, DSBs can be repaired by nonhomologous end-joining (NHEJ, also known as illegitimate recombination) where breakpoints are rejoined end to end, requiring little or no sequence homology. Much effort has focused on understanding the process of HR for its potential applications in breeding and biotechnology. NHEJ (which is less accurate, but more efficient and widespread in nature) has been less studied, chiefly in plants by analysis of inducible DSBs in transgenic model systems (e.g., Salomon and Puchta 1998; Kirik et al. 2000) . Although comparison of truncated transposable elements (TEs) shows NHEJ to have profound implications for reduction of plant genome size (reviewed by Bennetzen 2007), the action of this mechanism on sequences other than TEs has not been extensively documented.
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Here, we document the impact of DSB repair on phenotypic diversity using the orthologous VRN1 genes of wheat and barley (reviewed by Trevaskis et al. 2007 ) as a model system in which a major adaptive change in phenotype-conversion of the ancestral vernalizationresponsive winter growth habit to a nonresponsive spring growth habit-is frequently conferred by deletions within regulatory noncoding regions of orthologous MADS-box transcription factor genes VRN-H1 (barley), VRN-A1, -B1, and -D1 (hexaploid wheat) (Fu et al. 2005) . To investigate the molecular mechanisms underlying these deletions, we sequenced seven intron I rearrangements associated with spring Vrn-H1 alleles identified in a screen of 429 European barley cultivars (further details presented in Cockram et al. 2007 ). In addition, intron I and promoter deletions associated with previously sequenced spring Vrn1 alleles from hexaploid wheat and its diploid wheat relatives Triticum monococcum and Aegilops tauschii were also analyzed.
Sequence alignment of spring Vrn1 alleles with winter alleles, presumed to be ancestral to spring forms (Takahashi and Yasuda 1971) , permitted precise localization of deletion breakpoints. Twenty spring barley and wheat Vrn1 alleles were analyzed, including nine intron I deletions and five promoter deletions, as well as six instances of TE insertion into the promoter or intron I (Table 1) . Of the 14 spring Vrn1 alleles carrying putative functional deletions, 10 display short repeated sequences of 3-7 bp immediately flanking the deleted regions (Figure 1 ), which range in size from 20 bp in the T. monococcum VRN-A m 1 promoter to 8.9 kb within VRN-H1 intron 1. Probability tests on base composition show these motifs are significantly associated with deletion breakpoints at p , 0.03 ( Figure 1A ). The presence of small patches of nucleotide homology Sequence data from this article have been deposited with the EMBL/ GenBank Data Libraries under accession nos. EF591635-EF591650. 1 TABLE 1 Full length VRN1 promoter and intron I sequences from barley and wheat, detailing location and size of putative functional deletions, the short sequence repeats that flank them, and details of TEs (Devos et al. 2002; Wicker et al. 2003; Ma et al. 2004; Bennetzen et al. 2005) . Their presence flanking putative functional deletions within VRN1 genes suggests this mechanism is responsible for the creation of the majority of spring Vrn1 alleles. The error prone nature of NHEJ is further supported by the observation of filler DNA segments of variable length at other breakpoint junctions ( Figure  1B ). In the case of VRN-B1 and VRN-H1 haplotype 3 intron I deletions, these 6-7 bp filler segments flanking breakpoint boundaries are identical to motifs ,30 bp away. Interestingly, where barley and wheat intron I breakpoints lie within conserved regions, colocation of breakpoints can be observed (Figure 1 ), possibly reflecting the independent utilization of conserved repeat motifs in these regions for DSB repair. TEs have played a major role in the expansion of genome size in plant species (Bennetzen 2000) and in the creation of novel alleles selected during crop domestication and varietal differentiation (Doebley et al. 2006) . In addition, transposon activity/retroelement integration has been suggested to play a role in genome reduction due to induction of DSBs, followed by NHEJ via a SSA-like mechanism (Puchta 2005) . Although a limited number of TEs are found within cereal VRN1 genes (Table 1) , their location immediately adjacent to deletion breakpoints in three of the spring alleles studied (Figure 1) suggests that insertion/excision events may have played a role in the formation of DSBs that led to the deletions within VRN1 intron 1. Short sequence repeats flanking the truncation of duplicated foldback elements within the VRN-A1 gene have previously been observed, although these reductions were not associated with a change in phenotype (Yan et al. 2004) . However, it is interesting to note that the small VRN1 promoter deletions (20-54 bp) associated with spring alleles in T. monococcum all flank the insertion position of the same foldback element referred to above, suggesting that the spring alleles observed may be associated with the activity of this element, rather than due to random replication slippage as previously suggested (Yan et al. 2004) .
We conclude that similar mechanisms operate in the repair of DSBs that have resulted in independent selection of spring alleles at orthologous cereal VRN1 loci and suggest NHEJ via a SSA-like mechanism is the predominant pathway utilized. Although deletion mutation due to NHEJ is assuming rapidly increasing prominence in human disease genetics (e.g., Kozak et al. 2006; Le Guédard et al. 2007 ), this report is the first example in which this mechanism is implicated in the creation of naturally occurring adaptive variation in plants. This does not necessarily mean that such variation is not both abundant and potentially of great significance. It may simply be that the right type of study-comparison of long tracts of coding and noncoding genomic sequence from divergent specimens of closely related taxa-has not yet been carried out. A glimpse of the 1, -A1, -B1, -D1, and -H1 alleles are aligned in Figure 1 to their respective reference winter alleles (underlined).
b No GenBank accession given; DNA sequence from Yan et al. (2004) . The probability (p) that short sequence repeat motifs flank deletion breakpoints is adapted from the methods described by Devos et al. (2002) : the number of times the short sequence repeat occurs within intron I of the reference winter allele is divided by the number of possible sequences of identical length within the intron. Where a repeat motif starts at the nth nucleotide following the breakpoint rather than the first, the probability is multiplied by n to correct. Deletions within the promoter are indicated by dashed lines; intron I deletions are indicated by dashed lines, separated by a gap of indicated size. Short sequence repeats flanking deletion boundaries are boxed in gray. Transposable elements (TEs) are boxed by dashed lines. Conserved 59 breakpoints in spring alleles from barley and wheat are indicated by arrowed lines. W, winter allele; S, spring allele; TE insertion footprint is indicated by an asterisk. The position of TE insertion events in wheat and barley are indicated by solid and shaded triangles, respectively. The single dagger indicates flanking repeats in D-genome spring allele noted by Fu et al. (2005). potential is afforded from the example of Indica and Japonica rice, where whole genome draft sequences of the subspecies were compared. In this analysis, 4 of 78 inferred deletions with short flanking repeats mined from alignments were associated with introns or exons, and a majority of the remaining deletions were judged to be in single copy regions . These findings suggest the current focus in plant genetics on SNP variation within coding sequences should be complemented with approaches such as multiplex ligation-dependent probe amplification (Schouten et al. 2002) and comparative genomic hybridization using whole genome tiling arrays (e.g. Urban et al. 2006) , which can robustly call the ''null'' alleles associated with deletions for detection and location of functionally important variation in plant species.
